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Progress in wide-bandgap 
devices and materials 
The imminent use 
of 3” Sic wafers 
will enable the 
manufacture of 
devices priced at 
US$I.OO per 
peak Watt. 
Wireless applica- 
tions such as 
W-CDMA normally 
operate at 5-10 dB 
back-off levels - 
an advantage for 
carbide devices - 
where a30 W 
carbide M ESFET 
is equivalent to a 
50 W silicon chip. 
Years of device and process technology develop- 
ment in the gallium nitride and silicon carbide 
materials systems have led to the successful 
application of wide-bandgap devices such as 
blue and green LEDs and lasers. Most recently, 
the development of white-light LEDs (based on 
phosphor-converted blue, violet and UV LEDs) 
have greatly expanded the market potential for 
wide-bandgap optoe!ectronic devices, but many 
more developments are possible depending on 
progress in fundamental material technology. 
Silicon carbide 
Silicon carbide device technology is now avail- 
able for some commercial applications and, in the 
first paper, Scott Allen from Cree subsidiary Ultra 
RF reported on the benefits of Sic MESFETs, 
which are no longer laboratory curiosities. 
Ultra RF currently offers 10 W MESFETs (soon to 
be joined by 30 W FETs) for wireless base-sta- 
tions, which require good Imearity and high-effi- 
ciency amplihcation.According to Allen, the immi- 
nent use of 3” Sic wafers will enable the manu- 
facture of devices priced at US$l .OO per peak 
Watt, which he believed would be necessary to 
satisfy this market. Although device performance 
is usually quoted as a maximum in Watts or 
Watts/mm, wireless applications such as W-CDMA 
normally operate at 5-10 dB back-off levels - an 
advantage for carbide devices - where a 30 W car- 
bide MESFET is equivalent to a 50 W silicon chip. 
These ICs are also suitable for TDMA, GSM, and 
EDGE telecoms applications, with other benefits 
also accruing compared to competing silicon 
LDMOS devicesThese include the support of 
higher operating voltages and higher RF voltage 
swings (e.g. drain voltages from 24-48V and gate 
voltages from 5-lOV, which need no DC/DC con- 
verters), better impedance matching than silicon 
or GaAs (so simpler matching circuitry is 
required), higher operating junction tempera- 
tures (needing no cooling under full sun enclo- 
sure-heating), and wider frequency bandwidths. 
The next generation of Sic circuits are already 
being developed for multi-carrier CDMA with 30 
and 60 W operating power levels.The latest 
results for developmental MESFETs quoted by 
Scott comprised an output power of 5.2 W/mm 
at 3.5 GHz with 11.1 dB associated gain and 63’% 
power added efficiency (a power density six 
times higher than typically found for GaAs 
MESFETs). 
Although Sic was considered the most suitable 
material for IMPATT diodes, the first Sic oscilla- 
tor was reported at this symposium. Konstantin 
Vassilevski from the IOFFE Institute in conjunc- 
tion with the SSR in Kiev and the FRTH in 
Heraklion Crete - described X-band IMPATT 
diodes fabricated from 4HSiC. Epiwafers sup- 
plied by Cree Inc were RIE etched for mesa for- 
mation and then metallized contacts to the n- 
and p-regions were made by nickel silicide and 
nickel silicide-titanium carbide, respectively. 
Current pulses of up to 2 A were applied to 
these IMPATT diodes, producing a UHF pulsed 
power of 0.3 W and a pulse duration of 40 ns. 
Gallium nitride 
GaN is not being left out of the commercial mar- 
ket place. In July Nitronex made available GaN 
HEMTs grown on silicon. Nitronex uses an MOCVD 
process, pendeo-epitaxy and 4” silicon substrates 
to grow GaN device layers (a process developed 
by one of Nitronex’s founders while working at 
North Carolina State University, and now 
licenced from the university). In pendeo-epitaxy 
(see III-k’s Review, volume 13 (2000), Issue 3, 
page 30), the nitride layer growth occurs on 
pillars that have been built up from a seed layer 
(pendeo is a Latin term, meaning “to hang”). GaN 
layers with low defect level and high mobility 
(I600 cm*/Vs) are obtained, allowing production 
of high-performance GaN HEMTs. 
In the military arena of phased-array radar sys- 
tems, the insertion of wide-bandgap circuits 
offers a range of advantages for next-generation 
systems. Current portable phased-array systems 
contain 24,000 transmit/receive (T/R) elements 
and are based on GaAs ICs.They can be trans- 
ported in C-l 30 aircraft, but one of the key limi- 
tations of these systems is the peak power that 
can be generated in the present T/R module that 
will fit into the element lattice spacing. However, 
wide-bandgap power ICs based on GaN can easi- 
ly overcome these limitsThus, Dave Laighton 
from Raytheon RF Components described the 
development of a new class of MMIC amplifiers 
that may produce up to 10 times the power out- 
put of current GaAs-based amplifiers. Because of 
this higher power availability, the new wide- 
bandgap ICs will be able to provide solid-state 
travelling-wave tube replacements, and allow the 
use of smaller and more efficient T/R modules. 
Raytheon’s next generation of phased-array radar 
modules offers the potential of lower cost and 
total solid-state reliability. Laighton also men- 
tioned another potential advantage to be derived 
from the inherent high breakdown voltages of 
GaN devices where the new low-noise ICs will 
probably be able to operate without diode lim- 
iter devicesThis will allow significant reductions 
in noise levels and further improvements in sys- 
tem performance at lower cost. 
In the past, substrate wafer prices have been 
high for GaN on Sic (-US$1500) and are a signif- 
icant cost consideration. However, foundry prices 
are now lower (US$bOO-1000). By using im- 
proved heat removal techniques such as flip-chip 
bonding, substrdte thinning and heat-sinking, 
Raytheon expects to achieve its goal for GaN- 
based ICs of a 10 times performance increase for 
the same cost and weight if output limiters are 
still required (and even better without limiters). 
Aluminium nitride 
The availability of commercial free-standing 
group-III nitride epi-substrates appears to be ever 
closer as various developments are reported on 
gallium and aluminium nitrides. Leo Schowalter 
from Crystal IS Inc described their latest work 
on AIN (a substrate with a close lattice and 
thermal-expansion match with GaN plus the 
additional benefit of high thermal conductivity). 
Although this is quite new technology, relatively 
large u-axis AlN crystal boules (of 15 mm diame- 
ter) have already been produced by the 2000°C 
sublimation-recondensation process. Grown at 
about 0.9 ,um/hr, the growth of c-axis crystals can 
now be controlled and the best crystals are 
about 70% single-crystal, with defect levels of 
lo*-IO5 cm-s. Material stress and cracking is still a 
recurring problem for the crystals, which are yel- 
low in colour (with oxygen being the main 
impurity). However, new crucible materials are 
expected to eliminate these defects. 
Epitaxial substrates have been prepared after 
boule slicing and chemical-mechanical polishing. 
However, they are insulating - not suitable for the 
preparation of all device types. 
This growth process shows promise for the 
future manufacture of an alternative nitride 
growth substrate.The stated goals for the coming 
year are the production of 2” substrates with no 
polycrystalline inclusions, no grain boundaries 
and lower defect levels. 
Thermal conductivity 
Substrate thermal conductivity is becoming an 
important substrate parameter as the operating 
junction temperatures of devices increase. Using 
scanning thermal microscopy Fred Pollak at 
Brooklyn College measured the conductivity of 
the Crystal IS AlN as 2.85W/Kcm (compared to 
3-3.3 W/Kcm for hydride vapour phase epitaxy 
AIN prepared by TDI and a reported bulk AlN 
value of 3.4 W/Kcm).The best measured value 
for GaN to date is about 2.1 W/K cm (not insignif- 
icant compared to many other materials). 
Measured values for Sic thermal conductivity 
were separately reported by Fred Pollak (in 
conjunction with ATMI) on 6H-SiC wafers with 
carrier concentrations of 1 017-1 0’ 8 cm-s.VaIues 
of 3 03.25 W/K cm for PVD-grown material 
were reported for higher-defect-level areas and 
a maximum reading of 3.8-3.9 W/K cm was 
reported for the lower-defect-level regions of 
the same wafers. 
Gallium nitride substrates 
One of the most promising substrates for homo- 
epitaxial GaN growth is the elusive GaN wafer. 
However, the announcement last year by 
Samsung Advanced Institute of Technology 
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Figure 2. Layer structure of 
(a) diamond MESFET and 
(b) diamond MISFET dewces. 
After etching [of 
the SAIT-devel- 
oped wafers] at 
about 8o°C, the 
highest reported 
Hall mobilities 
for HVPE GaN 
were obtained 
(1100 and 6800 
cm/V s for the 
N-face and 1200 
and 7600 cm/V s 
for the Ga-face at 
295K and 5oK, 
respectively). 
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(SAIT) of commercial availability this year of Zinc oxide substrates 
HVPE-grown GaN may change this. 
Hadis Morkoc of Virginia Commonwealth 
University (in cooperation with Arizona State 
University and the University of Michigan) 
reported an evaluation of the SAIT-developed 
wafers as a pre-requisite to device growth. In 
this process an HVPE nitride layer (of more than 
200 pm) is grown on a sapphire substrate 
followed by a laser-induced thermal separation 
and polish.After etching at about 8O”C, the 
highest reported Hall mobilities for HVPE GaN 
were obtained (1100 and 6800 cm/V s for the 
N-face and 1200 and 7600 cm/Vs for the Ga-face 
at 295K and 50K, respectively).The wafers were 
described as “high quality” (the main impurities 
being oxygen, carbon and silicon). 
Additional characterization of these substrates 
was reported by P Visconti of CNR in Lecce, Italy. 
After hot phosphoric acid etches of the 200 urn 
wafers, their defect densities were measured and 
found to be quite low: 10’ cm-2 for N-terminated 
faces and 5~10~ cm-2 for Ga-terminated faces 
(very good values for GaN substrates). Good crys- 
tal quality was observed and confirmed by pho- 
toluminescence at the normal band-edge values. 
A notable difference was a green emission 
(2.4 eV) rather than the usual yellow band. 
The II-VI material zinc oxide has the potential to 
become a useful wide-bandgap semiconductor 
material and a closely lattice-matched substrate 
for the growth of GaN device layers. Similarly to 
GaN, it decomposes below its melting point, 
making the growth of quality single crystals at 
low pressures a difficult proposition (by either 
Bridgman or Czochralski techniques). 
Jeff Nause of Cermet (in conjunction with 
Wright State University and Georgia Institute of 
Technology) reported on their progress with a 
high-pressure crystal growth process which uses 
a cold-wall crucible.Transparent 1” diameter 
crystals are available now and 50 mm crystals 
have been made (see Figure 1). However, 2” com- 
mercial wafers will not be available until later 
this year.The surface roughness target is 7A RMS, 
but it is currently 14A. p-doped ZnO has also 
been developed. MBE-grown GaN single-quan- 
tum-well LEDs were made on the resulting ZnO 
substrates with quantum efficiencies of 15%. 
Zinc oxide epitaxy 
Since the quality of the available single-crystal 
ZnO is improving, it can now be considered as a 
serious wide-bandgap candidate for the future 
production of short-wavelength light emitters 
and detectors, for Surface Acoustic Wave device, 
and as a transparent conducting electrode. 
Historically, high-quality ZnO substrates have not 
been available and undoped oxide layers usually 
contain an oxygen vacancy and interstitial zinc 
defects. However, SatoshiYamauchi of Ibaraki 
University described the growth of ZnO layers 
on sapphire substrates (as for GaN), but using 
an oxygen plasma to overcome the oxygen 
vacancy problems normally associated with 
CVD ZnO layers. 
In this 13.56 MHz plasma-assisted epitaxy (PAE) 
process, c-face sapphire wafers were cleaned 
using HCl and methanol, given a low-temperature 
buffer layer (usually 150°C) and then used for the 
deposition of the epitaxial ZnO layer at 400°C 
and 5 milliTorr pressure.The growth rates were 
0.8-l .5 pm/hr and resulted in almost vacancy-free 
ZnO (and high-quality layers when buffer layers 
were used).The PL SpeCtrd at 10K on 800 nm 
layers were dominated by a strong band-edge 
emission at 365 nm (FWHM * 1.7 nm), indicating 
that the PAE process had eliminated most of the 
oxygen vacancies and that a high-quality film had 
been grown.The films were resistive (with resis- 
tivities of 10,000 R cm). 
Diamond devices 
Because of its large bandgap and its conductivity 
and dielectric properties, the potential for dia- 
mond-based electronic and optoelectronic 
devices is always a tempting proposition. 
However, problems related to electrical contacts 
and the high activation energies of the best 
dopants (boron, nitrogen and sulphur) still hold 
back its commercial application. 
But stable devices can be made by incorporating 
hydrogen into the surface and sub-surface dia- 
mond layers during the methane-sourced CVD 
growth process. Hirotada Tanuichi of Waseda 
University described the first microwave 
MESFETs made by this plasma-assisted diamond 
film growth process. 
A methane and hydrogen mixture is used to 
deposit these films and the process generates 
hydrogen-terminated surface and sub-surface 
p-doped layers (see Figure 2).The active layer is 
about 10 nm thick, containing shallow acceptors 
and a high concentration of carriers, which are 
ideal for the development of MESFET devices 
(especially since the density of surface states is 
low due to the hydrogen termination of surface 
bonds). MESFETs with a gate length of 1 Mm 
were made with transconductances of 110 
milliSiemens/mm. Capacitance values are low (a 
few femtoFarads/pm). Using self-aligned gates, 
MESFETs were made on the homoepitaxial layers 
grown on synthesized diamond. The MESFETs 
had respective cut-off and maximum frequen- 
cies of fT = 2.2 GHz and fmax = 7 GHz and break- 
down voltages of 10-20 V. Optimization of the 
transistor design is expected to improve the RF 
performance to over 10 GHz with higher 
f max values. 
In parallel work at Waseda University,Takuya 
Arima described the fabrication of metal-insula- 
tor-semiconductor FETs (MISFETs), also made 
by microwave-enhanced homoepitaxy on (001) 
diamond (see Figure 2). Calcium fluoride is 
subsequently deposited as the gate insulator. 
CaF/diamond interface has a low density of 
surface states (< 10’ 1 cm-Z), an advantage for 
MISFET devices. IJsing this layer structure and 
a 1.1 pm self-aligned gate,Arima and co-workers 
made a transistor with channel mobilities of 
280 cm*/Vs and a maximum transconductance 
of 90 mS/mm at 10 GHz, the highest value 
reported for a diamond MISFET and a transcon- 
ductance value higher than current Sic 
M0SFETs.A range of stable devices was also 
made (one having the shortest diamond channel 
length of 70 nm). 
Analytical support for the performance of these 
diamond MESFETs was presented by Richard 
Jackman of University College, London (in con- 
junction with the Walter Schottky Institute in 
Munich and the Naval Research Laboratory in 
Washington). He described the analysis of the 
p-type character of diamond FETs, generated by 
low-temperature activation of these plasma- 
assisted CVD diamond layers. 
Jackman and co-workers measured the transport 
characteristics of these layers at temperatures as 
low as 0.3K and confirmed the presence of a 
conduction band with a minimum thermal acti- 
vation energy and high carrier mobility values, 
even at these low temperaturesThe conduction 
band has been assigned to hydrogen-vacancy 
complexes.These layers can be used for the pro- 
duction of commercial high-power FETs. Drain- 
source voltages of up to 700 V were recorded 
with full turn-off and saturation characteristics. 
However, these FETs did not work at tempera- 
tures above 300°C. 
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